TFhenucleotide sequence of the RNA of tobacco vein mottling virus, a member of the potyvirus group, was determined. The RNA was found to be 9471 residues in length, excluding a 3'-terminal poly(A) tail. The first three AUG codons from the 5'-terminus were followed by in-frame termination codons. The fourth, at position 206, was the beginning of an open reading frame of 9015 residues which could encode a polyprotein of 340 kDa. No other long open reading frames were present in the sequence or its complement. This AUG was present in the sequence AGGCCAUG, which is similar to the consensus initiation sequence shared by most eukaryotic mRNAs. The chemically-determined amino acid compositions of the helper component and coat proteins were similar to those predicted from the nucleotide sequence. Amino acid sequencing of coat protein from which an amino-terminal peptide had been removed allowed exact location of the coat protein cistron. A consensus sequence of V-(R or K)-F-Q was found on the N-terminal sides of proposed cleavage sites for proteolytic processing of the polyprotein.
INTRODUCTION
The potyviruses are a large group of flexuous rod-shaped plant viruses which contain 10-kb, monopartite, (+)-sense, single-stranded RNA genomes. Several investigations (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (5, 6, 9, 10, (13) (14) (15) . In order to more fully understand the structure and function of the potyviral genome, we have determined the nucleotide sequence of the RNA of one member of this group, tobacco vein mottling virus (TVMV). (17) . TVMV RNA was purified as previously described (4) .
Construction of Recombinant Plasmids
Synthesis of cDNA copies of the 5'-terminus of TVMV RNA was primed with a synthetic tetradecadeoxynucleotide complementary to residues 1131 through 1144. The second-strand was synthesized using E. coli DNA polymerase I and RNase H (18) . Residues of dG were added using terminal deoxyribonucleotidyl transferase. The ds cDNA was annealed with pUC18 which had been cleaved with PstI and to which a dC tail had been added, and the product was used to transform E. coli strain JM83 (19) .
Plasmids containing 3'-terminal sequences were constructed using cDNA synthesized by oligo(dT) priming. Following second-strand synthesis with E. coli DNA polymerase I, the cDNA was treated with S1 nuclease, a dC tail added, and the cDNA inserted into pB322 which had been cleaved with PstI and to which a dG tail had been added (20) . Nucleotide Sequence Analysis TVMV cDNA inserts from five previously described recombinant plasmids pTV-H1, pTV-H2, pTV-H3, pTV-H4 and pTV-P1 (21), as well as from pTV-H7 and pTV-1L (see RESULTS AND DISCUSSION), were inserted into M13mpl9 replicative form DNA and prepared for sequencing (22, 23) . The nucleotide sequences of the inserts were determined by the chain termination method (24) as modified by Biggin et al. (25) . In some cases, reverse transcriptase was substituted for the large fragment of E. coli DNA polymerase I. Portions of the singlestranded DNA inserts of the M13 subclones were sequentially deleted (26) to permit further sequence analysis.
Direct RNA (27) and cDNA sequence analysis were performed by a modified chain termination method using synthetic oligodeoxynucleotide primers and reverse transcriptase. First strand cDNA was synthesized as previously described (21) . Oligodeoxynucleotide primers used in both RNA and DNA sequence analysis were prepared using an Applied Biosystems Model 380A DNA synthesizer.
Sequences were compiled and analyzed using an IBM PC computer and software developed by Queen and Korn (28 (12, 21) , it was necessary to construct plasmids which represented these regions. DNA complementary to the 5'-terminus was generated by priming synthesis with an oligodeoxynucleo-tide complementary to sequences in pTV-H4 nearest the 5'-terminus of the RNA. The plasmid containing the largest 5'-terminal insert, designated pTV-H7, included the priming site in pTV-H4 for cDNA synthesis and an additional 1070 nucleotides toward the 5'-terminus of the viral genome (Fig. 1C) .
The sequence of the 5'-terminal region of TVMV RNA which was not contained within pTV-H7 was determined by direct RNA sequencing using reverse transcriptase and a synthetic oligodeoxynucleotide primer (Fig. 1B) The insert of one recombinant plasmid generated from the 3'-terminus, pTV-1L, was found to include a terminal poly(A) segment as well as an overlap with pTV-P1 of approximately 200 nucleotides (Fig. 1C) . The presence of a poly(A) tail has been reported for TVMV RNA based on the retention of the RNA by oligo(dT)-cellulose and the ability to prime synthesis of apparently full-length cDNA using oligo(dT) (4, 5) . The presence of poly(A) tracts at the 3'-termini of the RNA of two other potyviruses, TEV (6) and pepper mottle virus (9) , have been directly determined. These are evidence that the poly(A) tract found in pTV-1L does, in fact, represent the 3'-terminus of the TVMV RNA.
The sequences of both strands of all recombinant plasmid inserts were determined after subcloning into M13mpl9 (Fig. 1D ). The sequence of pTV-1L was confirmed by sequence analysis of first strand cDNA using oligodeoxynucleotides to prime DNA synthesis. To verify that the non-overlapping recombinant plasmids (pTV-H1 through -H4) represented contiguous sequences of viral RNA, a series of oligodeoxy-nucleotides was synthesized in order to prime cDNA synthesis beginning 30-40 nucleotides from each of the proposed HindIII junctions (Fig. 1B ). This analysis revealed that the plasmid inserts from pTV-H1 through -H4 were contiguous. Analysis of the nucleotide sequence in the overlap region between pTV-H7 and pTV-H4 revealed the presence of two HindIII sites separated by 34 nucleotides. It was found that when pTV-H7 had been cleaved with HindIII and subcloned into M13, only the larger of the resulting cDNA fragments had been isolated. Consequently, an EcoRI fragment of pTV-H7 containing the 34-bp region was subcloned into M13 and its sequence determined. Primary Structure of TVMV RNA The nucleotide sequence is presented in Fig. 2 . The RNA contains 9471 nucleotides excluding the 3'-terminal poly(A). Base composition of the viral RNA sequence revealed a high adenine content (32.0%) followed by uracil (26.1%), guanine (22.9%), and cytosine (19.0%). These compositions are similar to those reported for cowpea mosaic virus (CPMV; 32, 33) 2670   2700  2730  2760  860  870  660 890 
1060 3201070 3301080 T   3870  3900  3930  3960  1260  1270  1280  1290  AtWCGCUCUAGCCCGAUUACUGUUAUGACAACUGGC  3990  4020   4050   4080  1300  1310  1320 (Fig. 3) Unlike the RNAs of CPMV and the picornaviruses, TVMV RNA contains a potential polyadenylation signal, AAUAAA, in its 3' nontranslated region at position 9377. Polyadenylation signal sequences are usually found within 25 residues of the site of poly(A) addition (16) . The AAUAAA sequence of TVMV Non-translated regions at the 5'-and 3'-termini of TVMV RNA were analyzed for dyad symmetry using parameters set by Tinoco et al. (37) . Potential stem-loop structures could be generated in the 5'-non-coding region between nucleotide residues 147 and 171 (aG = -6.8 kcal/mol), and in the 3'-non-coding region, between nucleotide residues 9233 and 9250 (AG = -3.8 kcal/mol). Such secondary structures in DNA and RNA sequences of both procaryotes and eucaryotes have been reported to be associated with regulation of gene expression (38, 39, 40) . In viruses, these structures have been suggested to be involved in replication, regulation of transcription or virion assembly (41, 42, 43, 44) . 
Location of CP and HG Cistrons
The locations of a number of TVMV cistrons have been proposed based on hybrid-arrested translation, expression of cDNA fragments in bacterial cells, and immnunoprecipitation of in vitro translation products with antisera to isolated viral proteins (10, 35) . Further confirmation for the locations of two of these cistrons is provided by comparison of amino acid compositions predicted from the RNA sequence with those determined chemically with isolated TVMV proteins. The results of such comparisons show reasonable agreement between predicted and analyzed compositions for both CP and HC (Table 1) .
Attempts at determining the amino acid sequence of intact TVMV CP by chemical methods were not successful, presumably due to a blocked N-terminus, a situation also encountered with some isolates of TEV (15) . Allison et al. (15) were able to obtain amino acid sequence data near the N-terminus of the CP of HAT isolates of TEV, however, after trypsin treatment of intact virions which apparently removed the N-terminal 29 amino acid residues of CP. When purified TVMV was likewise treated with trypsin, a form of CP was obtained having a molecular weight of 27,230, slightly lower than the native molecular weight of 28,840 (Fig. 4) . This reduction in molecular weight suggested that approximately 15 amino acid residues had been cleaved from the CP. Chemical sequencing of the tryptic digest yielded an initial sequence of five amino acids which was identical to amino acid residues 16-20 of the predicted CP sequence (amino acid positions 2756-2760 of the polyprotein; Fig. 2 ). This sequence of five amino acids was found at no other location in the putative polyprotein. Tryptic cleavage after the lysine residue at position 15 of the predicted CP would yield a C-terminal fragment with a molecular weight of 27,900, similar to that estimated by SDS-polyacrylamide gel electrophoresis. Thus, we propose that CP is produced by proteolytic cleavage of the TVMV polyprotein between the glutaminyl residue at amino acid position 2740 and the following seryl residue, the same dipeptide apparently cleaved in TEV HAT isolates (15) . Comparison of the RNA sequences of TEV and TVMV reveals that the predicted cleavages occur at exactly the same amino acid positions from the C-terminus. It is interesting that the CP of both TVMV and HAT isolates of TEV is apparently produced by cleavage at Gln-Ser and is N-blocked while the CP of NAT isolates of TEV appears after cleavage at Gln-Gly and is not N-blocked (6) . Assignment of Viral Polyprotein Cleavage Sites It has been proposed that mature potyviral proteins are produced from a polyprotein which is proteolytically cleaved (5, 6, 9, 10, (13) (14) (15) . This mechanism is similar to that employed by the picornaviruses (45, 47) and CPMV (32, 46) . The poliovirus polyprotein is cleaved primarily at Gln-Gly sites. It has been proposed that the CPMV polyproteins are cleaved at selected Gln-Gly, Gln-Met and Gln-Ser sites. The positions of all Gln-Ala, Gln-Gly, and Gln-Ser dipeptides in the TVMV polyprotein are shown in Fig. 5 . Using the cleavage site predicted for CP (Fig. 4) and the approximate positions of TVMV cistrons (10), it was possible to find Gln-Ala, Gln-Gly and Gln-Ser sites corresponding to the proposed termini of each cistron.
Examination of the amino acid sequence in the vicinity of five of the selected dipeptides revealed a high degree of homology on the N-terminal side of the cleavage sites ( Fig. 5 and Table 2 Table  2 . The cistron map of TVMV RNA (10) bPredicted from the nucleotide sequence using the cleavage sites shown in 
